A three-dimensional computational fluid dynamic (CFD) analysis using Fluent V5.4 was conducted on the in-flight particle behavior during the plasma spraying process with external injection. The spray process was modeled as a steady jet issuing from the torch nozzle via the heating of the arc gas by an electric arc within the nozzle. The stochastic discrete model was used for the particle distribution. The particle temperature, velocity, and size inside the plasma plume at a specified standoff distance have been investigated. The results show that carrier gas flow rate variation from 2 standard liters per minute (slm) to 4.0 slm can increase the centerline particle mean temperature and mean velocity by 10% and 16%, respectively, at the specified standoff distance. A further increase of the carrier gas flow rate to 6 slm did not change the particle temperature, but the particle velocity was decreased by 20%. It was also found that an increase in the total arc gas flow rate from 52 slm to 61 slm, with all other process parameters unchanged, resulted in a 17% higher particle velocity, but 6% lower particle temperature. Some of these computational findings were experimentally confirmed by Kucuk et al.
Introduction
The microstructural characteristics of thermal spray coatings depend strongly on the velocity, temperature, and size of the particles upon impact against the substrate. Generating coatings of good quality or any improvement on spray efficiency requires a detailed understanding of the plasma jet and its interaction with the spray particles. It is therefore of vital importance to characterize the particle behavior inside the plasma plume both computationally and experimentally.
A number of numerical modeling studies [2] [3] [4] for the plasma spray process have previously been published. The study by Wan et al. [2] presented a comprehensive model for plasma spraying with consideration of heating, melting, evaporation, and resolidification of particles during their in-flight process. A more recent work by Ahmed and Bergman [3] included the effect of carrier gas flow on the particle performance and the interaction of carrier gas with arc gas. In their work, the effects of carrier gas flow on the particle deposition of uniform sized, nanostructured particles were considered. It was found that the carrier gas played a major role in determining the particle trajectory and dispersion of the sprayed particles through mixing between the two streams and the level of turbulence generated. It was further reported by Ang et al. [4, 5] that varying the carrier gas flow rate would affect the particle behavior by altering the injection velocity and, hence, particle trajectory. This behavior would in turn influence the deposition characteristics.
Recently, Williamson et al. [6] presented an interesting work in which all the phenomena that may influence the particle behavior inside the plasma plume were segregated and the effects of individual parameters that would affect the particle behavior were studied. It was found from the analysis that for the typical plasma jet injection conditions considered in the analysis, particle dispersion in the injection direction is most significantly affected (in the order of decreasing importance) by: particle size distribution, injection velocity distribution, turbulence, injection direction distribution, and particle density distribution.
Simulation studies, which consider the effect of carrier gas on particle behavior with simultaneous injection of multi-sized particles, have not been reported. In the current investigation, a three-dimensional study for the plasma spray process with an Ar/H 2 plasma, N 2 carrier gas, and yttria-partially-stabilized zirconia (YSZ) as the injected particles are reported. In the current investigation, the carrier gas flow rate is chosen to be the main parameter for consideration.
In typical plasma spray process, the carrier gas flow rate (typically 5 slm) is not insignificant compared with the arc gas flow rate (typically 50 slm); therefore, it may cool the plasma jet. The transverse injection velocity of particles into the plasma may considerably alter the particle behavior. Depending on the carrier gas flow rate which determines the particle injection velocity and the momentum acquired by the particles, the particles may experience the following: penetrate into the plasma plume emerging at the opposite side, reside in the central core of the plasma plume, or rebound without entering the plume. Also, the mixing of arc gas with carrier gas would alter the transport properties of the plasma plume.
A common problem encountered in plasma spray research is a suitable method to compare simulated results with those obtained experimentally. The reported experimental temperature, velocity, and size measurements are the ensemble average of particle behavior parameters. On the other hand, in simulation these values are the instantaneous individual values that make comparisons to the practical measurements difficult. A new methodology was developed in this work to compare the simulated results directly with those of the experimental measurements.
The work by Wan et al. [2] pointed out the necessity of a threedimensional model for this analysis because the plume will not be symmetrical due to the effects of the carrier gas. To achieve the above objectives, a three-dimensional computational fluid dynamics (CFD) study for plasma interaction with sprayed particles (taking into consideration process parameters such as torch power, Ar-H 2 volume fraction, carrier gas flow rate, and stand off distance) have been carried out on a Metco 3MB torch with a GH nozzle. Some comparisons of the simulation with measurements by Kucuk et al. [1] are also presented.
Mathematical Model
The solution technique consisted of two phases. In the first phase, a steady state solution was obtained for the plasma and carrier gas flow without particle injection. In the second phase, YSZ particles were injected into the plasma gas and the calculation of their trajectories, temperature, velocities, and concentration histories were carried out.
Governing Equations
The following sections describe the mathematical equations, which govern the physical and thermo-mechanical processes within the plasma spray. Further details can be found in the Fluent User's Guide. [7] 2.1.1 Plasma Flow in 3-D Coordinates. The numerical procedures for obtaining the solution are based on the fully elliptic Navier-Stokes system of differential equations with the standard k-model for turbulence modeling. Here, a free turbulent DC plasma jet was considered for which the following assumptions were made:
1) The plasma stream was considered to be in chemical equilibrium.
2) The gas was represented as a chemically inert, multicomponent ideal gas with temperature dependent thermodynamic and transport properties. 3) The plasma flow was assumed to be in local thermal equilibrium (LTE), according to the work of Boulos et al. [8] This assumption allowed the assignment of a unique temperature to any region of the plasma stream. 4) The electric discharge was in steady state. The electric and magnetic forces generated by the current flow were not considered. 5) The net energy input to the arc gas was defined through the source term in the energy equation. It is assumed that the heat source is a continuum. It is well-known that the plasma arc flaps at a frequency of 1-5 kHz, [9] but this behavior may be considered as continuous with respect to the thermo-fluid events subjected upon the particles during their in-flight. 6) The flow was assumed to be straight flow only with no swirl component. Based on the above assumptions, the conservation equations can be written in the general form as:
with as the process variable. The diffusion coefficients ⌫ for the different conservation equations are given in Table 1 . The local arc phenomenon in thermal spray was not considered in this work. Instead a volume averaged source term was included in the governing energy equation to account for heating from the electric arc. The equation has the form: 
where P ЈЈЈ in is the volume averaged torch power input, E is the arc voltage, I is the arc current, t is the torch efficiency, and V is the anode volume. The power efficiency of torch was assumed to be 63% after Vardelle et al. [10] The heat input (or rather electrical heating of the arc gas) was modeled as a heat source within the plasma torch nozzle, instead of a velocity profile at the nozzle exit as assumed by previous researchers.
[ [2] [3] [4] Chang and Ramshaw [11] found that the assumed value of the exponent in the power law for velocity and temperature influences the plasma jet behavior, and hence the predicted particle behavior.
Turbulence Modeling.
The effects of turbulence on mean flow were modeled using the standard k-model that is the most widely used turbulence model in plasma spray research. The inlet boundary conditions for the turbulence model are turbulence intensity and characteristic length. The turbulence intensity (T i ) may be defined as the ratio of the root mean square velocity fluctuation to mean flow velocity. At the arc gas inlet, (A) in Fig. 1 , T i was calculated [7] T
where Re DH is the inlet flow Reynolds number calculated on the basis of the hydraulic diameter as the characteristic length.
2.1.3 Particle Motion Formulation. The particles were modeled as discrete Lagrangian entities that exchange mass momentum and energy with the plasma. The particles were modeled by a stochastic discrete-particle model. At injection rates typical of industrial spraying conditions, the particle flow field was dilute in both concentration (less than 1000/cm 3 ) and volume fraction (less than 3 × 10 −5
). The particle dynamics was considered under the following assumptions:
1) Particle-to-particle interactions were neglected. This was based on the calculation that the particle-particle distance was approximately 10 times the particle diameter for the assumed uniform dispersion of particles inside the gas. [5] 2) The Basset force was neglected. [12] 3) The virtual mass was not considered [12] ; i.e., the particle spin velocity is insignificant compared with the axial velocity. 4) The vapor pressure of yttria partially stabilized zirconia (YSZ) is approximately 1 atm. The computational study carried out here is for atmospheric plasma. Also, the particle temperatures encountered in this analysis is well below the boiling point of YSZ. Therefore, the particle vaporization was neglected. 5) Radiative heat transfer between plasma and particles were neglected.
[13]
Particle Dynamics Equation.
The forces acting on the particle govern the particle motion and trajectory. A force balance equation on the particle, in the Lagrangian reference frame equated the particle inertia with the significant forces acting on the particles. The force equation below summarizes the total forces, consisting of drag force (F D ) and inertia force.
that is,
where
and
where a 1 , a 2 , a 3 terms are constants applicable for different ranges of R e as given by Morsi and Alexander.
[14]
Particle Energy Equation.
Particle heating or cooling is governed by the net flux of heat transferred between the particles and the surrounding plasma. The heat balance equation for the particle governs the particle heating and hence its temperature. The energy balance equation states that the heat transfer from the plasma to the particle provides the energy required for heating up the particle and the latent heat of melting.
where is the liquid fraction.
The heat transfer coefficient, h, was evaluated using the Ranz and Marshall [15] correlation:
2.1.6 Stochastic Particle Trajectory. The turbulent dispersion of particles was calculated using a stochastic discrete particle approach. The instantaneous value of the gas velocity fluctuation was used to predict the dispersion of particles due to turbulence. The "Random Walk Model" [7] was used to determine the instantaneous gas velocity, uЈ = √u 2 , where was the instantaneous random number generated.
The turbulent dispersion of particles was predicted by integrating the trajectory equation of individual particles using the instantaneous fluid velocity along the particle path during the integration.
Boundary Conditions
The boundary conditions for the plasma flow numerical model are given in Table 2 . The conditions S1-S6 identify six cases for which the corresponding boundary conditions to the spray settings are depicted in Table 3 . The torch wall was assumed to be adiabatic to avoid further heat loss from the nozzle because the total heat loss was accounted in the heat source term defined in the energy equation through torch efficiency.
Solution Procedures
The three-dimensional computational domain is shown in Fig. 1 . As there was a plane of symmetry with respect to the y-z plane, only half the physical domain was modeled.
Fluent V5.4 code (Fluent Inc., Lebanon, NH) was used to solve the system of conservation equations using the control volume-finite element method. The grid generated for the computational domain included the plasma torch, powder/carrier gas injector, and the plasma jet region. The flow field was solved using the SIMPLE algorithm developed by Patankar. [16] The computational domain consisted of the anode (D), the jet zone, and the powder/carrier gas port. The size of anode was 7.5 × 18.5 mm, the jet zone was 70 × 220 mm, and that of the carrier gas port was 2.2 × 50 mm. The injector port was located 7 mm from the nozzle exit and 9 mm above the nozzle axis. The governing equations were solved using a grid having sizes 14 x 24 x 27 for the nozzle, 70 x 24 x 120 for the free jet, and 8 x 18
x 63 for the powder/carrier gas injector. The cell size in the mesh ranged from 0.5 x 0.5 x 0.44 mm at the jet exit and 1.8 x 3.5 x 4.2 mm at the farthest corner of exit of the flow domain. These cell sizes were found to be optimum with respect to the minimum number of grids, after checking for spatial convergence with various grid sizes.
Based on the typical values of operation for the Metco 3 MB (Sulzer Metco Inc., Westbury, NY) torch, [17] the parameters listed in Table 3 were selected for the numerical study. In the first phase of solution, the plasma flow with carrier gas was simulated. The known velocities and temperatures of the gas were used for the second phase when the particles were introduced. The particles were introduced with zero velocity at the inlet of the carrier gas injector. The drag law as indicated in Eq 4-7 was applied and the particles were injected to the plasma jet with the injection velocity as computed by the equations of particle dynamics described in the section "Particle Dynamics Equation" above. Cases S1-S4 were performed to study the effect of carrier gas flow rate on the particle behavior. Cases S4 and S5 were performed to study the effect of arc gas flow rate and volume fraction of H 2 on particle behavior. Cases S5 and S6 were performed to study the effect of torch power input on the particle behavior. The simulation results reported in this work are at a standoff distance of 80 mm.
Property Variation
In plasma spraying, a large temperature variation occurs inside the cathode-anode region and in the plasma jet. Therefore, property variation with respect to the temperature has to be included. The transport properties for viscosity, specific heat, and thermal conductivity were entered as a function of temperature based on the data of Boulos et al. [8] These values had been incorporated in the program as linear piecewise profiles with respect to temperature and permitted the determination of these properties for the cell temperature obtained at every iteration.
The particles used in the simulation are the yttria stabilized zirconia (METCO 204 NS, Sulzer Metco Inc., Westbury, NY). The physical and thermal properties [18] are as shown in Table 4 .
Particle Size Distribution
The mass distribution of particles was assumed to follow a Rosin-Rammler (R-R) distribution. [12] Here, the R-R distribution was fitted to the actual feedstock size distribution [17] with the aim of verifying the simulation with experimental spray trial [1] already conducted. An exponential relationship exists between the particle diameter, D, and the mass fraction M D of particle diameters greater than D:
where D and n refer to the mean diameter and spread factor, respectively. The spread factor and mean diameter for the calculations are 2.3489 and 65.3 µm, respectively. The fitted and actual size distribution for the current analysis is shown in Fig. 2 . 
Particle Plume Centerline Values
The "flux centerline" is defined as an imaginary line in the particle plume, where the particle number concentration is maximum. It can be obtained at any cross-sectional location by transversing through the particle plume where the particle number flux is at maximum. The position of the peak concentration is determined from the count of all particles passing through the "window" at the standoff distance of 80 mm. The locus of these points is the centerline of the peak concentration, which need not correspond to the centerline of the plasma spray torch. The "window" size had been fixed at 1 x 1 mm. Temperature, velocity, and size frequency distribution were plotted for the window of maximum particle flux. The co-ordinate for the window could be ascribed as (0, y d , sd), where, 'y d ' is the y co-ordinate of maximum flux which changes as carrier gas flow rate is varied, and 'sd' is the standoff distance. Hereafter, centerline values refer to the mean values of particle parameters at the maximum flux widow with a standoff distance of 80 mm.
Data Analysis of FLUENT Output
It is necessary to process the data generated by FLUENT into a form suitable for comparison with experimental data. All the particles passing through the maximum flux window were counted irrespective of their size and statistically analyzed to find the mean of temperature, velocity, and size. The count of all the particles from 1500-4500°C with set size interval of 25°C was summarized. Particles with velocities ranging between 50 and 450 m/s at intervals of 5 m/s were counted to generate the velocity distributions. For particle diameter distributions, particles with size ranging between 20 and 125 µm at intervals of 2 µm was counted. From the distributions generated above, number averaged particle temperature, velocity and size were calculated using the following statistical equations.
) Fig. 4 (a) The isotherms of plasma plume at the plane of symmetry and at a cross section (A-AЈ), 3 mm away from the carrier gas port for case S0 (without carrier gas injection). (b) The isotherms of plasma plume at the plane of symmetry and at a cross section (A-AЈ), 3 mm away from the carrier gas port for case S3 (with carrier gas injection of 6 slm).
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where, Mean is the number average of particle in-flight parameters, viz. temperature, velocity and size, is the interval mean, n p is the interval count, N is the total number of interval counts, and SD is the standard deviation. The computational results are deterministic in nature. The particles are simulated essentially as single particles. Although multi-particle injection is used, it is essentially single particle simulation due to the assumption of zero particle-to-particle interactions. However, the advantage is that the entire size distribution in the feedstock can be injected simultaneously as a realistic distribution and individual particles within a selected size range can be tracked in terms of all physical parameters such as temperature, velocity, size, and trajectory.
The size distribution in a realistic feedstock can be divided into a number of sub divisions; each sub division delimits a specific size range. The larger number of sub-divisions implies a smaller range in particle sizes for each division and a higher resolution of the numerical analysis. The particle feedstock between 22-125 µm and a size interval of 1 µm was injected from the surface of the carrier gas inlet port (Fig. 1) . The deterministic process has the ability to track all particles such that at any location in the plasma plume, the number of particles and their size that pass through the "window" (Fig. 3) can be determined. Therefore, a similar statistical distribution to the experimental measurements would be produced. FLUENT also has a stochastic model that allows a particle to be perturbed so that it travels along a slightly different trajectory from another particle similar in size and injection velocity. The two particles will, therefore, not strike the substrate at exactly the same spot but at two points that are slightly apart.
Results and Discussion
The effects of carrier gas on the plasma jet as well as on the particles are analyzed in the following sections. The effects of other process parameters on particle behavior will be discussed in later sections.
Effects of Carrier Gas on the Plasma Jet Behavior
The predicted temperature and velocity distributions for cases S0 and S3 at the plane of symmetry are shown in Fig. 4 and 5 respectively. In case S0, there was no carrier gas injection whereas the carrier gas flow rate was at 6 slm for case S3. These two cases served as reference cases to study the effects of carrier gas flow rate on the plasma jet.
The carrier gas affects the plasma plume by cooling down and retarding the plasma jet at the immediate vicinity of the carrier gas injector exit. Comparing the jet cross sections in Fig.  4 (b) and 5(b), the jet symmetry with respect to the x-z plane is Fig. 5 (a) The axial velocity contour of plasma plume at the plane of symmetry and at a cross section (A-AЉ), 3 mm away from the carrier gas port for case SO (without carrier gas injection). (b) The axial velocity contour of plasma plume at the plane of symmetry and at a cross section (A-AЉ), 3 mm away from the carrier gas port for case S3 (with carrier gas injection of 6 slm)
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Journal of Thermal Spray Technology affected by the injection of carrier gas that causes the contours to be displaced downwards. It is, however, noted that the jet core is almost unaffected by the injection of carrier gas. This can be understood by the fact that the momentum of the plasma jet is much higher than that of the carrier gas that prevented penetration of the carrier gas into the jet core.
Velocity and Temperature Contour at Various Plasma Plume Cross Sections
The temperature profile at 2 mm away from the nozzle exit for the case S4 is shown in Fig. 6(b) . It was found that the value 8 for the index (m) could be fitted for this case with centerline value (T 0 ) as 9645 K in the power law
This shows that the temperature profiles generated in the present model with the assumption of arc gas heating through the source term in energy equation are in reasonable agreement with those generated by power law. Figure 6 (c-f ) and 7 present the isotherms and velocity contours for case S4 at various sections from the nozzle exit. At this carrier gas flow rate of 3.5 slm, it is observed that the symmetry of the plasma jet is unaffected by the carrier gas flow rate, except near the section at the immediate vicinity of the carrier gas injector. Based on the results shown in Fig. 4-7 , it could be concluded that plasma cooling by the carrier gas jet is minimal in the case of the external injection mode except at the edge of the planar jet. However, it should be pointed out that this might not Journal of Thermal Spray Technology be the same for internal injection in which the carrier gas injection is very close to the nozzle axis.
Particle Behavior
In the following sections, the particle temperature, velocity, and size at the centerline will be analyzed. Initially, comparison of the computational results with those of the experimental measurement [1] will be presented. Based on the accuracy of results, a detailed analysis of the particle behavior and their dependence on process parameters will be discussed.
Comparison of Simulation Values With Experimental Measurements at the Centerline
The experimental results reported by Kucuk et al. [1] will first be compared in this section to verify the accuracy of the computed results. The measurements were carried out on the inflight diagnostic system DPV-2000 (Tecnar Automation, St. Hubert, QC, Canada). This system is capable of measuring the velocity, temperature and size of the particles in-flight at any location within the particle plume. A large number of particles were "sampled" to obtain mean temperature, velocity, and size data. This implies that the particle "temperature" "velocity," and "size" are not of one particular single sized particle, but rather it is a statistical distribution in which the parameter observed is sampled over many particles that pass through the measurement volume shown in Fig. 3 . The particle count includes particles of various sizes of the feedstock (typically between 22-125 µm). The mean velocity and temperature are obtained by taking the mean of the distribution.
The simulation and measurement in general agrees closely for all cases considered with case S4 showing the best agreement. As such, case S4 will be used for further comparison.
Comparison of Measurement and Simulation Techniques at the Centerline
As mentioned earlier, comparison of simulation and experimental results must be assessed from a different perspective. In the numerical simulation, the centerline "window" counts every particle passing through it to calculate the number averaged particle temperature. On the other hand, experimental measurements using the DPV-2000 considers only the particles that pass through the two-slit mask, whose trajectory is completely included within the control volume (slit area × depth of field) of the measured field. The system does not take into account particles above the upper limit of the particle analysis rate of the system, which are 400 particles per second. [19] Thus, a relatively smaller number of particles were counted during the physical measurement, whereas in simulation all the particles that pass through the "window" will be counted and included in the calculation of mean values.
For the comparison of simulation and experimental values of temperature, consider Fig. 8 where the simulated temperature of individual sized particles on reaching the substrate at a standoff distance of 80 mm is shown. In case S4, the experimental centerline particle temperature is 2577 ± 446°C and that of simulation is 3054 ± 275°C ( Table 5 ). The temperature for 30, 40, 65, and 80 µm particles is 3093, 2968, 2596, and 2347°C, respectively.
For the comparison of particle velocity, consider Fig. 9 where the velocity of individual sized particles as a function of axial distance is given. The experimental centerline particle velocity at a standoff distance of 80 mm is 165 ± 73 m/s and that of simulation is 230 ± 47 m/s ( Table 6 ). The velocity of particles of 30, 40, 65, and 80 µm particles is 275, 224, 154, and 131m/s, respectively.
Based on the comparison on the particle temperature and velocity, it can be seen that the temperature and velocity of individual sized particles can vary widely compared with the mean values of velocity and temperature at the centerline. The simulated values essentially encompassed the range attained in the experiment. It should be pointed out that, in the actual plasma spraying process, the radial component of particle injection velocity may not be negligible. The particles exiting from the injector exhibit a large dispersion angle (up to a 30°cone angle) resulting from their collision with the injector wall as reported by Vardelle et al. [10] This dispersion may play an important role in the trajectory distribution. Also, in the actual spraying process, there may exist inter-particle interactions, which may result in coalescence of molten particles, break up or blending of the particles of different sizes. But, these effects were not included in the simulation. Therefore, the above two issues can lead to an increased dispersion of the particle plume. This would result in the presence of particles of all sizes in the measurement volume and that may affect the simulated mean values of particle temperature, velocity and size. Figure 10 illustrates the variation of particle centerline temperature for cases S1-S6 at a standoff distance of 80 mm. It is evident that particle temperature first increases with increase in carrier gas flow rate, but decreases as the latter is increased further. When the carrier gas flow rate increased from 2 slm (S1) to 4 slm (S2), the particle temperature increased from 2906-3217°C (about 10%). The particle temperature is found to be at maximum for cases S2 among the first four cases, which clearly indicates that the particle trajectory was confined within the plasma core for the carrier gas flow rate at 4.0 slm. From the particle temperature distribution shown in Fig. 10 , it can be deduced further that the particle count with higher temperature increases progressively as the carrier gas flow rates were set to 2 slm, 3.5 slm, 4 slm, and 6 slm for cases S1, S4, S2, and S3, respectively. This phenomenon has to be interpreted in conjunction with the centerline particle size distribution as shown in Fig. 11 . It can be seen that the particle count with smaller sizes increase with an increase in carrier gas flow rate. The implication is that an increase in carrier gas flow rate resulted in a better particle dispersion [20] and hence populating the centerline with smaller sized particles. This causes an increase of the centerline particle temperature since smaller sized particles attain higher temperature.
Simulated Particle Temperature at the Centerline
Another observation is that for case S5, there is a relatively narrow distribution of temperature (Fig. 10 ) and particle size (Fig. 11) . The standard deviation of temperature is at minimum in case S5. An increase in total arc gas flow rate has prevented the dispersion of the particle plume in the lateral (i.e., x-axis) direction. This occurs because the higher momentum of the plasma plume subdued the radial component of the particle velocity and hence the particle dispersion.
Comparing case S5 with S6 ( Fig. 11) , there is an increase in particle dispersion with respect to the decrease in torch power. Reduction in torch power input resulted in the decrease in arc gas velocity and hence the particles were swept less readily in the axial direction in case S6 as compared with case S5. Figure 12 illustrates the variation of particle centerline velocity for cases S1-S6. It can be seen that the particle velocity first increases from 220-256 m/s (about 16.5%) with an increase in carrier gas flow rate from 2-4 slm. The velocity decreases to about 202 m/s (by 20% compared with case S2) as it is increased further to 6 slm.
Simulated Particle Velocity at the Centerline
The particle velocity is found to be at maximum for cases S2 and S4. This indicates that the particle trajectory is confined within the plasma core for a carrier gas flow rate between 3.5 and 4.0 slm. For the low carrier gas flow rate case S1, the particles did not penetrate into the plasma core and hence attained a lower velocity and temperature. For higher carrier gas flow rate case S3, the particle plume crossed over the plasma core and resulted in the lower residence time within the high temperature plasma jet core.
Simulated Particle Size Distribution at the Centerline
Mean particle diameter at the centerline showed a decreasing trend in mean particle size with increase of carrier gas flow rate until 4slm, for cases S1, S4, and S2. Also, the particle count passing through the centerline window exhibited an increasing trend as the carrier gas flow rate increased. But the trend was reversed as the carrier gas flow rate was further increased to 6 slm in case S3. This is due to the increased particle dispersion at higher carrier gas flow and, hence, the possibility of capturing particles with higher sizes which are low in count.
Comparing cases S4 and S5, it can be seen in Fig. 11 that the mean particle size decreased as the total arc gas flow rate was increased from 52-61 slm. This can be explained in such a way that the increased arc gas flow in case S5 prevented particle dispersion which resulted in a narrower particle plume and, hence, the capture of more particles at the centerline window.
Comparing cases S5 and S6, it can be seen that the particle count was decreased and mean size increased as the torch power decreased from 42-33 kW. This is due to the fact that the decreased torch power resulted in lower plasma plume velocity and an increased particle dispersion.
Effects of Other Process Parameters on Particle Behavior
Other than the carrier gas flow rate, process parameters such as power input, arc gas flow rate, and volume fraction of H 2 will also affect the particle behavior. Comparing cases S5 and S6 ( Fig. 10 and 12 ) it can be seen that both particle velocity and temperature decreased as power input decreased. Particle temperature decreased from 2685-2615°C (3%) and velocity decreased from 249-229 m/s (8%). The decrease in power input results in a decrease of energy density of the arc gas for the same arc gas flow rate. It is found that with all the other parameters remaining the same, an increase in arc gas flow rate would result in an increase in particle velocity accompanied by a decrease in particle temperature.
Comparing cases S4 and S5 (Fig. 12) , it can be seen that average particle velocity at the centerline increased (230 ± 47 m/s for case S4 and 249 ± 47 m/s for case S5). For the same cases, the particle temperature decreased from 3054 ± 275-2877 ± 
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183°C (a 12.1% reduction) as shown in Fig. 10 . It should be pointed out that the same trend is observed in the experiments in which the particle temperature decreased significantly from 2577 ± 446°C for case S4-2326 ± 310°C for case S5 (a 9.7% reduction). The decrease in particle temperature arises due to the decrease in energy density of the arc gas at the same power level.
Conclusions
A numerical investigation on particle behavior with variation of power input, carrier gas flow rate, arc gas flow rate, and mol fraction of H 2 in an Ar-H 2 plasma spray system have been performed. The numerical results were compared with ex- perimental in-flight particle parameter measurements of Kucuk et al. [1] Reasonably good agreement between the numerical predicted values and the experimental measurement has been obtained for certain cases while other cases demonstrated similarity in the general trends. Particle temperature and velocity were shown to be strongly dependent on carrier gas flow rate.
It was found that the quenching of arc gas by carrier gas was not significant for the cases considered, especially in the plasma core. It can be concluded that the in-flight particle behavior varied only with variation of injection velocity and hence the momentum acquired by particles from the carrier gas flow rate.
The particle temperature, velocity, and size inside the plasma The results showed that carrier gas flow rate variation from 2-4.0 slm can increase the centerline particle mean temperature and mean velocity to a maximum of 10% and 16%, respectively, at the specified standoff distance. A further increase of carrier gas flow rate to 6 slm did not cause any change to the particle temperature, but the particle velocity would be decreased by 20%. It was also found that an increase in the total arc gas flow rate from 52-61 slm, with all other process parameters remained unchanged, resulted in higher particle velocity by 17%, but lower particle temperature by 6%. For a given process parameter setting, the kinetic and thermal energy extracted by the particles was at their maximum for carrier gas flow rate at about 3.5-4.0 slm. A contribution of this study is the development of a comprehensive model to predict the three-dimensional behavior of plasma spray with carrier gas interaction with plasma plume and the simultaneous injection of multi-sized particle. The methodology adopted in presenting the results is unique. Simulation results can be used to directly compare with the experimental results. With the concept of "window," particle parameters were statistically analyzed, instead of the presentation as that of single sized particle.
